Abstract-Ultra-wideband (UWB) technology has been considered an innovative solution for future short-range high-speed wireless communications. Interference suppression is important for the UWB devices to operate over spectrum occupied by narrowband systems. In this paper, the use of a notch filter in time-hopping impulse radio (TH-IR) for UWB communication is considered, where a Gaussian monopulse is employed with pulse position modulation. Lognormal channel fading is assumed, and a complete analytical framework is provided for the performance evaluation of using a transversal-type notch filter to reject narrowband interference (NBI). A closed-form expression of bit-error probability is derived, and the numerical results show that the use of a notch filter can improve the system performance significantly. Furthermore, a performance comparison between TH-IR and multicarrier code-division multiple-access (MC-CDMA) UWB systems is made under the conditions of the same transmit power, the same data rate, and the same bandwidth. It is shown that in the presence of NBI, the TH-IR system and MC-CDMA system achieve similar performance when both use a notch filter.
interference between them must be ensured. Therefore, the successful deployment of the UWB technology depends not only on the development of efficient multiple-access techniques, but also on narrowband interference (NBI) suppression techniques. Since the receiver of TH-IR is operated by time gating matched to the pulse duration [1] [2] [3] , this time gating reduces the power of continuous-time interference to the duty cycle of IR. Therefore, TH-IR inherently has the capability of NBI suppression. However, when NBI is very strong, we may need to use a notch filter [17] to help to reject it.
Suppression schemes based on minimum mean-square error (MMSE) Rake combining were proposed in [10] and [11] , while the computation complexity of the tap weight would be increased with addition of branches within the Rake receiver as it is driven by the decision statistic. In this paper, we study the use of a notch filter to suppress NBI for TH-IR. A notch filter has been widely studied to reject NBI for code-division multiple-access (CDMA) overlay systems when NBI is very strong [15] . Apart from the higher sampling-speed requirement in comparison with the solutions proposed in [10] and [11] , since the computation of the tap weights for notch filter depends on the nature of the narrowband interferer, the same set of weights determined from well training can be adopted among the branches with the Rake receiver. Moreover, notch filter also offers flexibility, as its narrowband rejection ability can be enhanced by the addition of more taps. In our work, we provide a complete performance analysis of error probability in addition to the simulation result.
The UWB concept can be based on several techniques, such as TH-IR or multicarrier CDMA (MC-CDMA) techniques. In the proposed MC-CDMA system for UWB [14] , a notch filter has been shown to be very effective in rejecting narrowband signals. For the two different systems (TH-IR and MC-CDMA), we will compare their performances with a notch filter, assuming that they have the same transmit power, the same data rate, and the same bandwidth. The paper is organized as follows. The system models, including transmitter, NBI, channel response, and receiver are described in Section II. In Section III, the biterror rate (BER) performance is analyzed and a closed-form expression for the BER is given. Section IV presents representative numerical results of system performance under various conditions. Section V gives the performance comparison of TH-IR and MC-CDMA, and finally, Section VI draws the conclusions.
II. SYSTEM MODELS
Suppose the time scale is divided into frames with duration , and each frame is composed of slots of duration . The transmitted signal of the th UWB user employing TH-IR with 0090-6778/$20.00 © 2006 IEEE pulse position modulation (PPM) is given by (1) where is the energy of a pulse and is the shape of the transmitted pulse.
is the TH code of the th user, where , such that an additional time shift of is introduced when the th pulse of the th user is transmitted. The code sequences of all users are assumed to be mutually independent.
is the number of pulses transmitted per symbol, i.e., the processing gain, the modulating data symbol changes every hops (frames), and the index of the data symbol is ( is the integer part of ). is the binary data sequence of the th user and composed of equally likely symbols (or bits). A symbol has duration , and the symbol rate is . is the modulation index where it is assumed that and , where denotes the pulse width, and the time shift added to a pulse by data is . The optimal value of is around 20% of a pulse width [7] . In this paper, the monocycle denoted by is assumed to be a scaled second derivative of the Gaussian function with unit energy, i.e.,
, and one form of a Gaussian monocycle in [8] is adopted as (2) and the 10 dB bandwidth of the Gaussian pulse is approximately given by (3) Fig. 1 shows a sample of UWB transmitted signal, where and . The narrowband interferer is assumed to be passband Gaussian with center frequency and bandwidth . The double-sided flat power spectral density (PSD) of the narrowband interferer is given by otherwise (4) where is the power of the NBI, and the autocorrelation function of is (5) where denotes the normalized autocorrelation function of , given by (6) For the uniformity in comparison with MC-CDMA in later sessions, the parameter is defined as a ratio of the bandwidth of the narrowband signal to the 10 dB bandwidth, , of the Gaussian pulse, which can be written as
For a typical narrowband system, the usual range of the ratio should be . Another important parameter, , is defined as a ratio of the difference in center frequencies (between the narrowband interferer and the Gaussian pulse) to the bandwidth of the Gaussian pulse, given by (8) where
. In (8) , is the center frequency of the spectrum of the Gaussian pulse, and . Therefore, the parameter can be written approximately as (9) The realistic UWB channel should be a dense multipath fading channel [7] . More than a dozen resolvable paths should exist. In the multiple-access system with users, the received signal can be expressed as (10) where , , and represent the phase, amplitude attenuation, and delay, respectively, of the th arrival path of the th user. Independent fading is assumed for each path, as well as for each user [16] . The phases are independent variables and take the value 1 or 1 with equal probability to account for signal inversion due to reflection. The delay is assumed to be uniformly distributed over , i.e., the symbol duration. The amplitude attenuation is log-normally distributed with and being the mean and standard derivation, respectively, its probability density function (pdf) takes the form (11) and its normalized intensity profile is given by (12) where is the decay rate. Note that the normalization implies that the sum of the attenuation power of all paths is one . In (10) , is an additive white Gaussian noise (AWGN) with double-sided PSD of .
III. PERFORMANCE EVALUATION
Selective maximal combination (SMC) is considered for the proposed receiver design, where highest power paths out of all resolvable paths chosen for decision making. Perfect power control is also assumed. As shown in Fig. 2 , each branch of the Rake receiver consists of a pulse correlator, a notch filter, and an accumulator. Assuming that the first user is the desired user, the output of the pulse correlator for the th selected path is given by (13) where is the template pulse function, defined as (14) Note that the pulse correlator output is sampled at the rate of one sample per bin period . The notch filter (Wiener filter) is used to predict and notch out the NBI [17] . The number of taps on each side of the notch filter is , and thus, the total number of taps is . The coefficients of the filter are with and . Note that when there is no NBI, the filter reduces to an all-pass filter, i.e., for . The conceptual frequency response of the notch filter along with the spectra of TH-IR signal and NBI are shown in Fig. 3 , which shows that the NBI can be suppressed. The output of the notch filter can be expressed as (15) This output is passed to the accumulator using a delta function , where for and , respectively. Thus, with the multiplication, the phase , and the amplitude attenuation perfectly estimated from the channel, the random variable at the output of the accumulator is given by (16) is the desired signal term from the th selected path for the first user and from the central tap of the notch filter, and is given by for for (17) where stands for the correlation between the transmitted pulse and the template function (18) in (16) is the total interference for the th selected path given by (19) where is the multipath interference (MPI) from other paths of the desired user, is the multiple-access interference (MAI) from all other interfering users, is the NBI, and is the AWGN. Note that the disturbance (self-interference) caused by the notch filter to the desired user (or interference of the desired user caused by the non-central taps of the notch filter) should be very small when the bandwidth ratio is small [15] . Including this interference makes the analysis very complicated since this term contains the same fading factors as the desired term, so self-interference is neglected in (19) for simple analysis. Since the terms in (19) are independent when the number of multipaths is large, the total interference can be approximated as Gaussian with variance (20) where , , and stand for the variances of the MPI, MAI, and the NBI, respectively, derived in Appendices A, B, and C, respectively, and are given by (A11), (B10), and (C6), respectively. stands for the variance of the noise term, given by (21) where (22) Therefore, after weighting by amplitude attenuation, the signal-to-interference-plus-noise ratio (SINR) in is given by (23) where is the average SINR excluding the amplitude attenuation , denotes the received bit energy, and represents the average transmitted power of the UWB signal. The outputs from the selected branches of the Rake receiver are combined, so the decision variable is given by (24) with SINR (25) Since the square of a log-normal random variable is still lognormal distributed, by Schwartz and Yeh's method [18] , the distribution of the sum of log-normal random variables can be approximated by another log-normal distribution. Its mean and variance can be obtained by a recursive approach from the individual mean and standard derivation of the attenuation factors. Defining as the mean of the average SINR excluding the attenuation factor for all selected paths, and as the sum of the square of the attenuation factors, the error probability can be approximated as (26) where the -function is defined as
IV. COMPARISON OF TH AND MC-CDMA In order to compare the TH system with the MC-CDMA in the presence of NBI, we briefly describe the MC-CDMA, which was studied in [14] . MC-CDMA modulates different subcarriers using the same data. All subcarrier spectra are disjoint. The MC-CDMA has an inherent frequency diversity capability by combining the outputs of the different subcarrier signals at the receiver. Moreover, it yields effective NBI rejection in an overlay mode. For example, when there is a strong narrowband interferer in one of the subbands, in the worst case, the receiver can simply ignore the signal in that subcarrier band. An effective way is to use a notch filter to suppress NBI in each subcarrier. Then, even a jammed subcarrier signal can still make a positive contribution to the net frequency diversity.
The pulse interference is shown in Fig. 4 . Fig. 5 illustrates the transmitter of the MC-CDMA system. The source binary data sequence is first spread by the random binary sequence. Then, the spread signal is shaped by a chip-waveform shaping filter (square-root raised cosine filter of rolloff factor ) with frequency response . After that, the shaped signal modulates different subcarriers. Finally, the subcarrier modulated signals are summed to form a transmitter signal.
For fair comparison, the channel parameters have to be chosen appropriately, as each subband of MC-CDMA occupies only a portion of the bandwidth of the UWB system. It is assumed that the number of paths in each subcarrier is . That is, each subband of the MC-CDMA would have fewer multipaths, but of greater power with a larger decay rate than the TH-IR system. In addition, the phase of each path is no longer a binary, but a random, variable uniformly distributed over , due to the introduction of the carrier. As shown in Fig. 6 , the receiver consists of parallel branches of the Rake receiver with correlators, corresponding to subcarriers. In each branch, the received signal is input to a frequency down converter. After that, a baseband matched filter with frequency response is employed. Then, the output of the matched filter passes through a despreader. Similarly, the output of the despreader can be approximated as a Gaussian random variable with the SINR in the th branch given by [14] (28) and in the absence of NBI [14] (29)
where is the spreading factor of one subcarrier.
is defined as
where is the impulse response of a raised cosine filter and is the chip rate. In (28), is given by
and are defined, respectively, as a ratio of bandwidth of the narrowband interferer to the bandwidth of one subband, and a ratio of the difference in center frequencies (between the narrowband interferer and the corrupted subband) to the bandwidth of one subband.
The despreader output is weighted by a channel estimate, and the weighted outputs from all branches are summed to form the final test statistics (32) where is the number of subbands with NBI. In (32), and stand for the mean of the average SINR, excluding the attenuation factor, for all selected paths from all the subbands with and without NBI, respectively. They are numerically expressed as (33) (34) is defined as the sum of the square of the attenuation factors for the subcarriers with narrowband interferers, and denotes the sum of the reminders. The BER for the MC-CDMA system thus can be expressed as (35) where denotes log-normal pdf. The TH-IR and MC-CDMA systems are compared under the conditions of same signal power, same data rate, and same bandwidth. The total bandwidth of the MC-CDMA UWB system is approximately (36) Assuming that only one narrowband interferer is present, the parameters describing the NBI for the TH-IR UWB system and MC-CDMA system can be related as 2.0 ns, respectively [7] . The number of pulses transmitted per symbol is five, the number of time slots per frame is eight, and the number of active users is eight. For the channel response, the number of multipaths is 30, where the decay rate and the standard derivation are set at 0.15 and 0.5, respectively. Fig. 7 shows error probabilities for receiver with and without a notch filter as a function of . For comparison, the case without NBI is also shown. Simulation and analytical results are presented under these conditions: dB, , , , and . It can be seen from the figure that the performance without a notch filter degrades dramatically as increases, especially when is larger than 0 dB. When is small (less than 0 dB), performances with and without notch filter are very close, so the notch filter is unnecessary. When increases from 0 dB, the performance gap between filter and no-filter increases. When is larger than 10 dB, by using the notch filter, two to three orders of magnitude of improvement are indicated. It can be observed that the analytic results and simulation results are close. Fig. 8 investigates the system performance by exploring multipath diversity (Rake receiver) for different values of signal-tonoise ratio (SNR) ( 10, 15, and 20 dB). Other parameters are 30 dB, , , and . It can be seen that for a given , the error probability decreases sharply when the number of Rake fingers increases at the beginning , then performance improvement becomes small when approaches . This indicates that reliable symbol decisions can be achieved by using a limited number of significant paths, rather than all paths.
The effect of the number of notch-filter taps on system performance is presented in Fig. 9 for , 15 dB, 30 dB, , and . It can be seen that the curves show a zig-zag shape in performance, rather than a smooth fall. This is because a further addition of taps, although providing better NBI suppression, introduces more pulse interference to the decision statistics, which is mainly due to the increase of probability of capturing pulses from multipath and multiple-access users. This phenomenon is serious when is small, as the limited benefit of NBI reduction is counterbalanced or well exceeded by the worsening pulse interference. However, the overall trend of performance improvement continues as more taps are used. The curve levels off when , which indicates that the marginal improvement is limited. The error rates converge to different levels for different bandwidth ratios.
Figs. 10 and 11 are plotted against bandwidth ratio (for ) and the ratio (for ) of the offset of the center frequency of the narrowband interferer to the bandwidth, respectively. The remaining system parameters are set at 30 dB with 15 dB. In accordance to the observation from Fig. 9 , the notch filter with larger offers greater resistance to the increase of the bandwidth ratio. From Fig. 11 , it can be observed that the system performance varies for different nor- Such variations can be accounted for by the periodicity and sinusoidal characteristics of the frequency response of the filter, as illustrated in Fig. 3 . Better jamming rejection can be achieved when the center frequency of the narrowband system coincides with certain harmonics of . The degree of accuracy of the estimating function depends on the number of taps per side of the notch filter. Notch filter with offers better protection than that with , but the reliability of the decision statistic is unstable as varies. However, when is increased to 12, the sensitivity of the error rate subjected to the change of is reduced significantly. The rate and fluctuation of the bit error can be reduced by using a filter of larger . It is assumed that the rolloff factor of the raised-cosine filter is 0.3, then the chip period is 10 ns, the spreading gain per subcarrier is eight, and the number of subcarriers is ten. For the channel response, the number of multipaths is three, where the decay rate and the standard derivation have the values of 1.5 and 0.5, respectively. Only one narrowband signal is assumed within the spectrum of the system signal. When the corresponding ratios are and , respectively, for the TH-IR system, for MC-CDMA system, the corresponding bandwidth ratio and normalized offset ratio are per (37) and per (38), respectively. In the absence of the near-far effect by assuming perfect power control for both systems, the SNR is 10 dB, and the conditions for the number of active users being three and eight are illustrated. For the TH-IR system, the parameters and are kept unchanged at 12 and 10, respectively. For the MC-CDMA system, the number of taps per side of the notch filter is also 12. The number of correlators per subcarrier is one, so as to maintain the same degree of diversity as the TH-IR system (10/30) in decision combining. Theoretically, the relative advantage of the MC-CDMA system over the TH-IR system is that the MC-CDMA system can enjoy frequency diversity of the branches unaffected by the narrowband system. For the MC-CDMA system, the impact of the jamming signal can be isolated within certain subbands. However, as observed, the use of a notch filter for TH-IR provides much performance improvement. Subjected to change in , the performance difference between the TH-IR and MC-CDMA systems is limited.
VI. CONCLUSIONS
In this paper, performance expressions are derived for the TH-IR UWB communication system with transversal-type notch filtering at the receiver front-end. Results show that the use of a notch filter can provide significant improvement in system performance in various situations. Comparison between TH-IR and MC-CDMA UWB systems is also made. Under certain conditions, a relatively low-complexity TH-IR UWB system with notch filtering at the front end of the receiver is capable of achieving a similar BER to MC-CDMA.
APPENDIX A DERIVATION OF THE VARIANCES OF MPI
Undesired pulses from multipath and multiple access can be collectively defined as interfering pulses to the reference path of the first user. The possibility for sampling of the interfering pulse is due to the combinational effect of random-coded time shifts, random propagation time delays, and the sampling time at the receiver. Considering the th sampling instant for the first user, the relative delay of the th pulse from the th path of the th user with respect to the th path of the first user can be expressed as 
The integral in (A3) is non-zero only when the pulses are overlapped. Obviously, leads to , where the sum on the left-hand side of the expression takes the same probability of for any possible value of arithmetic modulo (i.e., ). The probability of is given by 
Similarly, the integral in (B2) has a nonzero value only when , or alternatively, . Again, the sum takes the same probability of for any value in the set . The probability of pulse overlapping is given by (B6) 
